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Rev. B 64, 205419 (2001). 32. In diffraction, beyond the one-electron kinematical regime, different Bragg peaks can exhibit a correlation in intensities depending on the strength of the projected Coulomb potential, leading to a complex behavior. In other words, because of multiple electron scattering, the intensities of different Bragg peaks essentially become interactive, with an increase in the intensity for some peaks and a decrease in others, depending on the specimen and its thickness. As silicon electronics approaches the atomic scale, interconnects and circuitry become comparable in size to the active device components. Maintaining low electrical resistivity at this scale is challenging because of the presence of confining surfaces and interfaces. We report on the fabrication of wires in silicon-only one atom tall and four atoms wide-with exceptionally low resistivity (~0.3 milliohm-centimeters) and the current-carrying capabilities of copper. By embedding phosphorus atoms within a silicon crystal with an average spacing of less than 1 nanometer, we achieved a diameter-independent resistivity, which demonstrates ohmic scaling to the atomic limit. Atomistic tight-binding calculations confirm the metallicity of these atomic-scale wires, which pave the way for single-atom device architectures for both classical and quantum information processing.
T he continuous miniaturization (1-3) of classical as well as quantum electronic devices and circuitry for information processing relies on the implementation of lowresistivity leads and interconnects that are of the same scale as the active device components themselves (4, 5) . At the fundamental limit of downscaling in semiconductor devices, functionality is obtained from only a few (6), or even single, dopant atoms (7-9) embedded within the semiconductor crystal. This emerging field of research, in which device properties are determined by a single dopant, is called solotronics (solitary dopant optoelectronics) (10) . However, large-scale device architectures using multiple solitary dopants, such as donor-based quantum computers (11) (12) (13) (14) , require addressability of the individual dopants with interconnects comparable in size to the single-dopant Bohr radii (a B~2
.5 nm for P in Si). In this size regime, maintaining low resistivity is challenging because of the increased ratio of surface or interface to volume that limits both the mobility and availability of free carriers. Indeed, in the sub-10-nm size regime, even heavily doped Si wires become highly resistive because of the limited doping density achievable (15) or as a result of the reduced doping efficiency (16) from the dielectric mismatch between the wire and its surroundings.
We demonstrate that bulk-like resistivities can be retained to the atomic scale by fabricating "interface-free" dopant wires embedded in single-crystalline Si. We used scanning probe lithography (6, 17) and a gaseous dopant source to write atomic-scale dopant wires on the Si(100) surface. We then embedded them within the Si bulk using molecular beam epitaxy (MBE), thereby removing them from surface and interface states. Figure 1A shows a scanning tunneling microscopy (STM) image of a 1.5-nm-wide wire template (corresponding to two dimer rows) extending to a length of 106 nm between the source and drain leads. The dark regions correspond to hydrogen-terminated Si(001), and the features with lighter contrast correspond to Si dangling bonds exposed by the STM-induced desorption of the hydrogen resist monolayer. Source and drain contact arms were also patterned by STM lithography in the same fabrication step, extending out to a total size of~2 mm (length) by~1 mm (width), which were used for ex situ alignment of metal contacts (17) . Subsequent exposure to PH 3 gas selectively doped the wire template as well as the contact arms with a resolution set by the atomistic nature of the underlying reconstructed Si(001) surface. Atomic-resolution images of a two-dimer-row-wide template before and after dosing ( Fig. 1 , B and C) highlight the adsorption of PH x (x = 1, 2) solely within the wire region. After a short anneal and epitaxial overgrowth, the P dopants were embedded in the silicon bulk forming Si-P bonds, resulting in an atomically abrupt doping profile (18, 19) , three orders of magnitude beyond the Mott metal-insulator transition. The average dopant separation is <1 nm, smaller than the Bohr radius of a single donor (a B~2 .5 nm) (21) . Consequently, the wires are crystalline, atomically ab rupt, and expected to show metallic conduction.
The wires presented here are thin enough to allow a fully atomistic theoretical treatment using the tight-binding code NEMO-3D (22, 23) . We calculated the self-consistent charge-potential profiles of the wires, taking into account both the high density and discrete nature of the doping. The wires were represented by an infinite repetition of a supercell in the <110> direction, with the doping distribution matched to a doping density of 0.25 ML for each lithographic linewidth. The modeled wires were embedded within 70 nm of silicon in both transverse directions. The central 16 nm was modeled with an atomistic representation of the silicon lattice, while the remaining 54 nm was represented as a homogeneous dielectric with e Si = 11.7. The density of states (DOS) was computed over the first Brillouin zone in 1D k-space, subject to charge neutrality in equilibrium, where the total electron number equals the number of positively ionized donors. Exchange and correlation effects are taken into account within the local density approximation (LDA) (24) . The resultant electronic charge distribution along the thinnest wire (1.5 nm wide) is shown in Fig. 1D ), giving an extremely small Thomas-Fermi screening length (~0.5 nm) and strong charge confinement.
Five different wires were measured (Table 1) , all showing ohmic current-voltage (I-V ) characteristics at T = 4.2 K. At an applied bias of 500 mV (a low value was chosen to avoid electromigration damage), we achieved current densities of up to 5 × 10 5 A cm
, which is near the maximum current densities of state-of-the-art copper interconnects (~10 6 A cm -2 ) (5). To calculate the net wire resistance R W , we first subtracted series resistances from the four-terminal resistances, which can be accurately determined by knowing both the sheet resistivity (530 W/□) and the exact geometry of each STM-patterned contact arm. Linear I-V characteristics with R W <100 kW demonstrate the effective metallic doping down to a width of 1.5 nm. In Fig. 1E , we plot the wire resistance normalized by the lithographic width (R W × w) as a function of the wire length L. We include data from previously published results on wider STM-patterned wires (25) (purple diamonds) and observe ohmic scaling of the resistance for all devices, as typically observed in macroscopic metallic systems.
The unambiguous demonstration of ohmic scaling is a constant resistivity r W ¼ R W ðA el =LÞ, independent of geometric variables such as wire length or width. When determining the resistivity of these wires, it is necessary to consider the effective electronic cross-sectional area, A el , rather than their lithographic dimensions. Charge confinement is provided solely by the presence of the ionized dopants screened by both the silicon dielectric and the mobile electronic charge. As a consequence, the electronic width of the wire can extend into the surrounding silicon bulk and enlarge the effective diameter of the wire. The charge self-consistent NEMO-3D code captured this effect and allowed us to quantify A el directly. Figure 2A shows the modeled radial charge distribution of the thinnest wire (W5), averaged over the length of the supercell. The decay of the charge distribution is given by |y| 2 dr, where y~exp(-r/a) represents the electronic wave function away from the core region of the doped wire with a decay length a defined analogously to the Bohr radius a B of an isolated P donor. By considering a in all radial directions, we quantify A el , where y decays to 1/e of its peak value, as shown by the dotted line in Fig. 2A . Thus, >70% of the total electronic charge is enclosed in the modeling domain. In turn, this also allowed us to determine the effective electronic diameter d el of the wire (arrows in Fig. 2B ). For W5, we found d el = 2.3 nm compared with w = 1.5 nm (see Table 1 ). We simulated several supercell configurations with different dopant positioning within the wire, which revealed negligible impact on either A el or d el down to the thinnest wire.
In Fig. 2C , we compare the resistivity r W as a function of the wire diameter d el (blue and purple diamonds) with reported values for other silicon wires. It is evident that for the STM-patterned wires, r W remains constant despite d el varying over nearly two orders of magnitude. The inset shows r W on a double-logarithmic scale, revealing a minimum resistivity of 0.1 mW cm (W3), the lowest reported in doped silicon wires. The average resistivity (r W = 0.3 T 0.2 mW cm) is comparable to that of bulk-doped silicon of similar doping density (26) (blue line). The relatively large spread of resistivity at such low values can arise from sample-to-sample variations in the spatial distribution of the dopants within the wires. Our data contrasts sharply with the behavior of other doped Si wires previously reported, where strong deviations from bulk values of the resistivity were typically observed below d~10 nm (15, 16) . We have reproduced the resistivity data of vapor-liquid-solid (VLS)-grown wires with three different doping densities, measured by Björk et al. (16) , where the resistivity is observed to increase exponentially with decreasing diameter. This resistivity increase was more pronounced for the lower doping densities and prevailed even when the wire and resistivities were corrected for a depletion width arising from surface and interface states. Björk et al. attribute this exponential rise to suppression of dopant activation and a concomitant decrease in free-carrier density. Theoretical calculations by Diarra et al. (27) predict a d −1 dependence of dopant ionization energy for d < 10 nm, induced by a mismatch in the dielectric constants of the silicon wire (e in ) and its environment (e out ). For e in > e out , the dopant core potential is insufficiently screened, resulting in an increase in ionization energy. The exponential divergence persists to the highest doping density achievable in VLS growth (15) , indicating the existence of a scaling barrier at d~10 nm for doped silicon wires.
In contrast, by embedding the doped wires within bulk silicon, we eliminated the dielectric mismatch (e in = e out ) and thereby achieved full dopant activation. This feature, combined with atomically doping the silicon wire to extremely high densities using a gaseous dopant source, allowed us to overcome the apparent scaling barrier and resulted in the persistence of bulk-like resistivity down to d el = 2.3 nm (w = 1.5 nm).
One of the advantages of atomistic tightbinding modeling is that we can determine the number of propagating metallic modes at the Fermi energy for different wire widths and from this estimate the resistance of the narrowest conducting STM-patterned doped wires in silicon. Figure 3A shows the self-consistent band structure calculation for the narrowest STM-patterned wire W5 (1.5 nm) based on the supercell configuration shown in Fig. 3B . We observed strong band bending, so that the minimum of the lowest occupied band (G 1 ) lies 243 meV below the conduction band edge of bulk silicon (E = 0). The Fermi energy E F , indicated by the blue dotted lines, is situated well above the G 1 minimum (135 meV), making the wire a band-metal at T = 4.2 K. For this heavily doped silicon system, we observed occupation of the lowest sub-band in all six valleys of the Si conduction band, whose degeneracy is lifted by the strong vertical and lateral quantum confinement of the wires, giving N = 6 propagating modes at E F (6, 21) .
We determined the number of modes in these doped silicon wires as we dropped the lithographic width down to an ideal single chain of individual dopants, represented by the supercell configuration in Fig. 3C . Below w~2 nm, we observed a saturation of the number of propagating modes at E F (N = 6), again reflecting the six conduction band valleys in silicon (Fig. 3E) . The knowledge of N(w), along with estimates of the electron mean free path in Si:P d-doped systems (l = 8 T 1 nm) (28) , allowed us to calculate the resistance
2 N )(1 + L/l) in the diffusive regime of a multimode quasi-1D metal, where (L >> l) (29) . We obtained good agreement with resistances obtained experimentally for all wires, as shown in Table 1 . Small deviations could be explained by sample-to-sample fluctuations of the conductance (30) , expected in the diffusive regime and the potential onset of electron localization at low temperature (29) not captured in this model. We also determined the absolute physical limit to which doped silicon wires could be scaled and found the radial charge distribution of a single dopant chain to be~1.4 nm (Fig. 3D) . This number therefore defines the fundamental atomic scaling limit (vertical line in Fig. 2C ) of doped silicon wires.
These STM-patterned wires achieve charge confinement in the absence of any surface or material interface. The combination of extremely high doping density and atomically abrupt dopant positioning in a crystalline environment provides an unprecedented scalability to atomic-scale dimensions, yet retains a diameter-independent, bulk-like resistivity. The resulting persistence of Ohm's law at the atomic limit paves the way for ultrascaled classical as well as quantum electronic components, such as source-drain leads, interconnects, and local electrostatic gates necessary to electrically address individual dopants in solotronic and donor-based quantum computing architectures. Coating is an essential step in adjusting the surface properties of materials. Superhydrophobic coatings with contact angles greater than 150°and roll-off angles below 10°for water have been developed, based on low-energy surfaces and roughness on the nano-and micrometer scales. However, these surfaces are still wetted by organic liquids such as surfactant-based solutions, alcohols, or alkanes. Coatings that are simultaneously superhydrophobic and superoleophobic are rare. We designed an easily fabricated, transparent, and oil-rebounding superamphiphobic coating. A porous deposit of candle soot was coated with a 25-nanometer-thick silica shell. The black coating became transparent after calcination at 600°C. After silanization, the coating was superamphiphobic and remained so even after its top layer was damaged by sand impingement.
A major goal in coating research is to design self-cleaning surfaces (1-4). Many surfaces in nature are superhydrophobic; for example, lotus leaves (5). Mimicking their surface morphology led to the development of a number of artificial superhydrophobic surfaces (6, 7), opening many applications in industrial and biological processes (8) (9) (10) (11) (12) (13) . Microscopic pockets of air are trapped beneath the water drops (14) (15) (16) (17) . This composite interface leads to an increase in the macroscopic contact angle and a reduced contact angle hysteresis, enabling water drops to roll off easily, taking dirt with them. However, the addition of an organic liquid such as alcohol or oil decreases the interfacial tension sufficiently to induce homogeneous wetting of the surface. Drops, initially resting on air pockets (in a Cassie state), pass the transition to complete wetting (a Wenzel state) (14) . No naturally occurring surface is known to show a contact angle q greater than 150°and roll-off angles below 10°for water and organic liquids. These superhydrophobic and superoleophobic surfaces are called superamphiphobic (18) .
In contrast to superhydrophobicity, the term "superamphiphobicity" is not uniquely defined, in particular with respect to the liquid used (19) (20) (21) (22) . According to Young's equation, cosQ = (g SV -g SL )/g LV , the lower the surface tension, the higher the tendency of a liquid to spread on a solid surface (22, 23) . Here, Q is the macroscopic contact angle, g SV is the surface tension of the solid, and g SL is the interfacial tension of the solid/liquid interface. For organic liquids (30 ≤ g LV ≤ 18 mN/m), mainly van der Waals interactions act between the molecules. Therefore, g SV -g SL is positive, and on planar surfaces Q < 90°. Similarly, the contact angle on rough surfaces depends on the surface tensions, because roughness amplifies the wetting properties.
The key factors for superamphiphobicity are not clear yet. For water repellency, surface roughness and low surface energy are essential (14) . To fabricate superamphiphobic surface overhangs, reentrant geometry or convex curvature is also important (19) (20) (21) (22) (23) (24) (25) . The complex interplay between surface roughness, low surface energy, and topography has made it difficult and expensive to fabricate superamphiphobic surfaces. Tuteja et al. showed that careful design of the topography of a surface allows the construction of surfaces with a contact angle for hexadecane close to 160°, although the flat surface was oleophilic (19, 23) . They explained their exceptional oil-repellency by overhang structures and reentrant geometry.
Here, we describe a simple way to make robust, transparent, superamphiphobic coatings. The surface to be coated, in our case a glass slide, is held above the flame of a paraffin candle (Fig. 1A) . Deposition of a soot layer turns the glass black. Scanning electron microscopy reveals that the soot consists of carbon particles with a typical diameter of 30 to 40 nm, forming a loose, fractal-like network (Fig. 1 , B and C) (26) . A water drop gently deposited on the surface shows a contact angle above 160°and rolls off easily, demonstrating the surface's superhydrophobicity (27) . However, the structure is fragile because the particle-particle interactions are only physical and are weak. When water rolls off the surface, the drop carries soot particles with it until almost all of the soot deposit is removed and the drop undergoes a wetting transition (movie S1).
Inspired by the promising morphology of soot, we developed a technique to coat the soot layer with a silica shell, making use of chemical vapor deposition (CVD) of tetraethoxysilane (TES) catalyzed by ammonia. The soot-coated substrates were placed in a desiccator together with two open glass vessels containing TES and ammonia, respectively ( fig. S1 ). Similar to a Stöber reaction, silica is formed by hydrolysis and condensation of TES. The shell thickness can be tuned by the duration of CVD. After 24 hours, the particles were coated by a 20 T 5-nm-thick silica shell (Fig. 1, D and E) . Calcinating the
